The polarization of the secondary protons in the inelastic (p, p') reaction on the 40 Ca and 12 C nuclei at the initial proton energy 1 GeV was measured in a wide range of the scattered proton momenta at a laboratory angle Θ=21
Introduction
-This work is a part of the experimental program in the framework of which the effects of nucleon clusterization in nuclear matter is studied at the PNPI synchrocyclotron with the 1 GeV proton beam [1, 2] . Earlier, in the first inclusive experiment, the scattered proton polarization in the reaction 40 Ca(p, p')X at Θ=21
• was measured [1] . At a proper secondary proton momentum, when scattering off the 4 He-like nucleon cluster (nucleon correlation (NC)) in the 40 Ca nucleus could dominate, the measured polarization was found to be close to that in the free elastic proton- 4 He scattering. We investigated in details the polarization in the reaction and observed a structure in the experimental data [2] . The latter could be related to scattering off the multi-nucleon correlations in the nucleus [3, 4] .
In this paper we present the results of the experiment, in which two inclusive reactions 40 Ca(p, p')X and 12 Ca(p, p')X at the scattering angle of the secondary protons Θ=21
• were investigated. In this experiment, besides the polarization of the final protons, we also measured the differential cross section of the reactions. These measurements were performed in a wide range of the scattered proton momentum K (K = 1370÷1670 MeV/c). Note that the momentum corresponding to a maximum of the quasielastic pN peak is close to 1480 MeV/c. The data were obtained in narrow momentum intervals (≃ 10 MeV/c) and with a small gap between the intervals (≃ 10 MeV/c). Of a special interest was to make the measurements at the K > 1530 MeV/c up to the momentum corresponding to the excited level of the nucleus under investigation. In this region, since the NC are more massive than nucleons, the quasi-elastic (p, p' NC) reactions (the elastic scattering off the NC in nuclear medium) are kinematically preferable. At K > 1580 MeV/c the scattering off the independent (uncorrelated) nuclear nucleons is strongly suppressed, since they have a minimal momentum larger than the Fermi momentum K F (≈ 250 MeV/c) [2] . are the magnetic quadrupoles; D is the dipole magnet; C1 is the collimator; S1÷S2 and M1÷M3 are the scintillation counters; PC1÷PC4, PC1', PC4' and A are the proportional chambers and the carbon analyzer of the MAP polarimeter, respectively. The general layout of the experimental setup is presented in Fig. 1 .
Experimental method
The proton beam of the PNPI synchrocyclotron was focused onto the target TS of the magnetic spectrometer MAP. The beam intensity was monitored by the scintillation telescope M1, M2, M3. The diameter of the beam spot on the target was ≃ 25 mm. Large CH 2 and C targets, CH 2 foils for the setup calibration, and small 12 C and 40 Ca targets for the main measurements were used in the experiment (Table 1) . The spectrometer was used to measure the momenta of the secondary protons from the inclusive (p, p') reaction as well as their polarization. The momentum of the proton was determined using the coordinate information from the proportional chambers PC1-X and PC2-X. The momentum resolution of the spectrometer in this experiment was ± 2.5 MeV/c. This value was estimated by measuring the width of the clearly separated 2 + excited level in the (p, p') reaction with the 12 C nucleus at the scattering angle 21
• under investigation (Fig. 2) . In Fig. 2 we also observed a peak which can be identified as the 1 + excited level predicted in [5] .
The polarization of the final protons was found from an azimuthal asymmetry of the proton scattering off the carbon analyzer A, using the track information from the proportional chambers (PC1÷P4 and PC1', PC4') of the polarimeter [6] . The average analyzing power of the polarimeter was calculated using the parametrization A(K, θ s ) from [7] .
The main parameters of the MAP spectrometer and the polarimeter are listed in Tables 2 and 3 , respectively.
The calibration of the analyzing power of the polarimeter was carried out using the pp elastic scattering polarization data obtained in this experiment. For the calibration in a wide range of the secondary proton energy we performed the polarization measurements with the polyethylene and carbon targets (the large CH 2 and C targets, Table 1 ) at different angular (Θ = 13.5
• ÷ 23 • ) and proper momentum settings of the spectrometer. The observed values of the pp polarization were compared with the predictions in the framework of the phase-shift was found from the momentum spectra obtained at different momentum settings of the spectrometer. The monitor number and efficiency of the proportional chamber PC2-X for each momentum setting were taken into account. To subtract a background, the measurements with an empty target and with the 100 µm tungsten string supports of a target were done. An absolute normalization of the cross section in the reaction with the 12 C nucleus was made with the large CH 2 target (Table 1 ) in a momentum range near the quasi-elastic scattering peak maximum. The cross section in the pp elastic scattering was calculated in the framework of the phaseshift analysis [8] . At the scattering angle Θ = 21
• a value of 2.92 mb/sr (in the centre-of-mass system) was obtained. To make this normalization for the reaction with the 40 Ca nucleus, we made the measurements with the 40 Ca target, with the 40 Ca target + additional target CH 2 -foil (Table 1) , and again with the 40 Ca target. These data allowed us to estimate the admixture of hydrogen in the superficial layer of the 40 Ca target. The relative systematic errors δσ incl /σ incl of the cross section (σ incl ) normalization for the reactions 12 C(p, p')X and 40 Ca(p, p')X were ± 1.5 % and ± 3.5, respectively. An uncertainty of the cross section calculations in the elastic pp scattering [8] was not included. in the inclusive reaction 40 Ca(p, p ′ )X versus the secondary proton momentum K. The circles correspond to the differential cross sections
dΩdK measured in the reaction. Solid and dashed curves are a result of the polarization calculations in the framework of the DWIA and DWIA*, respectively. The empty square corresponds to the polarization in the elastic p− 4 He scattering [9] . The dotted lines cover the K intervals II, III, IV and the Bjorken variable scale are defined in the text.
Experimental results and discussion
In Fig. 3 and Fig. 4 the measured polarizations P (black squares) and cross sections
circles) in the reactions
40 Ca(p, p')X and 12 C(p, p')X are plotted versus the scattered proton momentum K. Small errors of the cross section measurements are presented inside the circles. The experimental data are also given in Tables 4÷7. The empty square corresponds to an estimate of the polarization in the elastic p− 4 He scattering [9] . The solid curve in Fig. 3 presents the polarization calculated in the framework of a spin-dependent Distorted Wave Impulse Approximation (DWIA) [10] . The dashed curves in Fig. 3 and Fig. 4 are the result of the calculations in the framework of the DWIA taking into account the relativistic distortion of the nucleon spinor in nuclear medium (DWIA*) [10, 11] . In this approach the proton scattering off the independent nuclear nucleons was taken into account only. The calculations were performed using the THREEDEE code [12] .
As seen from The empty square corresponds to the polarization in the elastic p− 4 He scattering [9] . The dotted lines cover the K intervals II, III, and IV, defined in the text. momentum ranges as II, III, and IV in the direction of momentum growth. Note that the onset of each momentum interval (II, III, and IV) for the 40 Ca nucleus is shifted with respect to that for the 12 C nucleus by ∼ 5÷10 MeV/c towards higher values. The value of the polarization in the momentum ranges is practically constant excluding the interval III for the 40 Ca data. The polarization increases from the interval II to interval IV. At momenta K > 1580 MeV/c the large values of the polarization and cross section [2] can not be explained only by the proton scattering off the uncorrelated nuclear nucleons. Possible, such behaviour of polarization and cross section in the momentum ranges II, III, and IV can be related to a proton quasielastic scattering off the two-nucleon, three-nucleon, and four-nucleon correlations. The value of the polarization in the proton interaction with a NC can depend on the number and isospin properties of nucleons in the correlation. According to [13] , larger values of the secondary proton polarization can be observed in the elastic scattering off a light nucleus in comparison with that in the scattering off independent nuclear nucleons.
The calculated final proton momenta K 2 , K 3 (K * 3 ), and K 4 corresponding to the maxima of the quasi-elastic peaks in the 40 Ca(p, p' NC)X and 12 C(p, p' NC)X reactions on the stationary NC consisting of two, three, and four nucleons are shown in Figs. 3, 4 . In these calculations the masses of real light nuclei with simple structure 2 H, 3 He ( 3 H), and 4 He were used as the NC masses. The resid-ual nuclei (X) in the reactions were assumed to be in a ground state. As seen in Fig. 3 (1591 MeV/c), and K 4 (1631 MeV/c) are within the momentum intervals II, III, and IV, respectively. This observation stays true if the NC masses were smaller (due to the nuclear medium modification [11] ) than the mass of the corresponding free light nucleus. A ∼ 10 % decrease of the NC masses reduces the values of the momenta K 2 , K 3 (K * 3 ), and K 4 by ∼ 12 MeV/c, ∼ 8 MeV/c, and ∼ 6 MeV/c, respectively. Note here that a high momentum range, just following the momentum interval IV, possibly corresponds to quasi-elastic scattering off the residual nuclei X of the reactions considered above.
The DWIA* calculations show that the contribution from the quasi-elastic scattering off the uncorrelated nucleons in the momentum interval II is rather large [2] . At K > 1580 MeV/c, including the momentum intervals III and IV, this contribution is essentially suppressed since the nuclear nucleons have momenta higher than the Fermi momentum k F ≈ 250 MeV/c. The polarizations measured in the momentum interval IV (P IV ) in the scattering off the 40 Ca and 12 C nuclei (see Figs. 3, 4) are practically the same (P IV (Ca) = 0.363 ± 0.009 and P IV (C) = 0.348 ± 0.010). The polarization P IV is less than that (P4 He ) in the free elastic p− 4 He scattering (empty square) [9] . This can be related to a modification of proton interaction with the four-nucleon cluster in nuclear medium [6] . The relative difference of these polarizations (P4 He -P IV )/P4 He ∼ 0.2 is close to that of the polarizations (P DW IA * and P DW IA ) calculated in the DWIA* and DWIA approximations (Fig. 3) for the quasi-elastic scattering off the uncorrelated nucleons (P DW IA -P DW IA * )/P DW IA ∼ 0.15 at K ≈ 1580 MeV/c.
The widths (∆K) of the momentum intervals II ÷ IV are not determined by the horizontal angular acceptance of the spectrometer alone (∆Θ h ∼ 1
• ). The main contribution to the ∆K can come from a motion of the NC in the nucleus. For instance, if the scattering occur off the four-nucleon correlations at rest in the nucleus then the ∆K width of the momentum interval IV would be equal to ∼ 5.5 MeV/c. This value is about 4.5 times less than that estimated from this experiment ∆K ∼ 25 MeV/c. So, due to a motion of the NC, the effective angular acceptance essentially increases (∆Θ h ∼ 4.5
• ). This enables us to observe the polarization angular distribution in scattering from the NC within the momentum interval IV. In Fig. 5 the polarization angular distribution measured in the free elastic p− 4 He scattering is shown [9] . The dotted line segment corresponds to the effective angular acceptance seen in the inclusive reaction in the momentum interval IV. According to the data in the figure, we can expect that the polarization momentum dependence in the proton scattering off the four-nucleon correlations in the nuclei can also be close to uniform. A growth of the polarization in the momentum interval III in the scattering off the 40 Ca nucleus (Fig. 3) is possibly related to that the momentum regions of scattering off the 3 He-and 3 H-like correlations overlap only partially. This follows from a noticeable difference of the momenta K 3 and K * 3 mentioned above, being K 3 > K * 3 (for the 12 C data these momenta are almost the same). We suppose that the polarization in the elastic scattering off the 3 He nucleus is essentially larger than that off the 3 H nucleus. So, at momenta close to the end of the interval III, the polarization is possibly determined by the scattering off the 3 He-like correlations. At K < K * 3 the processes of scattering off these three-nucleon correlations are mixed. For reliable verification of the above supposition, the polarization calculations in the framework of the Glauber's multiple nucleon-nucleon scattering theory [14] should be done. We were only based on the fact that at the initial proton energy 1 GeV the polarization in the elastic scattering off neutron is about 25 % less than that in the proton-proton scattering, and the number of neutrons in 3 He is smaller than in the 3 H nucleus. We would like to make some remarks about measured results in the momentum range 1420 MeV/c < K < 1530 MeV/c (denote this range as I) covering the momentum (K ∼ 1480 MeV/c) corresponding to a maximum of the pN quasielastic peak (see Figs. 3, 4) . In the range I, where the cross section of the inclusive (p, p ′ ) reaction has large values and depends smoothly on the K, a contribution from the multi-step processes of knocking out nucleons from a nucleus, can be noticeable [15] . The outgoing proton momentum in these processes decreases as compared with that in the one-step (p, p ′ ) reaction under investigation. Due to this effect a shape of the quasi-elastic peak can be distorted. It is important to note here, in the momentum region K > 1530 MeV/c, where the cross section dips rapidly with a growth of the K, the multi-step processes are essentially unable to distort the momentum distribution measured in the reaction. The DWIA* predictions of the outgoing proton polarization for the reaction 12 C(p, p ′ )X (Fig.  4) are in a good consent with the experimental data in a narrow region around the momentum K ∼ 1480 MeV/c. The variation of the measured polarization in the range I is apparently a combined effect of the multi-step reactions and a discrete energy-shell structure of the 12 C nucleus. Last we make a comment on the kinematics of the present (p, p') experiment. In the momentum range 1480 ÷ 1650 MeV/c the value of the transferred fourmomentum Q stays almost constant and is equal to ≈ 600 MeV/c. The latter value is about two times higher than that of the Fermi momentum. So, the Bjorken kinematical variable
is only determined by the energy transfer ν (where m is nucleon mass). In Fig. 3 , there is an additional horizontal scale for x B indicated. As seen from the figure, for the reaction with the 40 Ca nucleus the momentum intervals II, III, and IV correspond to the x B intervals 1.5 < x B < 2, 2 < x B < 3, and 3 < x B < 4, respectively. Due to the above mentioned difference in the momentum interval onsets for the 12 C and 40 Ca nuclei (it is possible related to a large mass difference of the nuclei), the corresponding x B intervals in the reaction 12 C(p, p ′ )X are 1.4 < x B < 1.8, 1.8 < x B < 2.5, and 2.5 < x B < 3.7. It is interesting to note that in the JLAB unpolarized (e, e ′ ) experiment at E e ∼ 4.6 GeV and Q 2 > 1.4 GeV 2 /c 2 , the effects from the two-nucleon and three-nucleon correlations in the cross section were observed in the x B ranges 1.5 < x B < 2 and 2.25 < x B < 2.8, respectively [4] .
Summary
The polarization of the secondary protons in the inelastic (p, p') reaction with the 40 Ca and 12 C nuclei and the cross section of these reactions were investigated at the 1 GeV initial proton energy and the scattering angle Θ = 21
• . The data were obtained in a wide range of the scattered proton momentum K covering the pN quasi-elastic peak and a high momentum region (K > 1530 MeV/c) up to the momentum corresponding to the exited levels of the nucleus under investigation. The measurements were done in narrow momentum intervals (≃ 10 MeV/c) and with a small gap between the intervals (≃ 10 MeV/c).
A polarization growth with the final state proton momentum at K > 1530 MeV/c was found. A structure in the polarization and cross section data in this region was observed for the first time. The structure is possibly related to a proton quasielastic scattering off the two-nucleon, three-nucleon, and four-nucleon correlations.
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